
OFFICE OF NAVAL RESEARCHAD-A277 277AD- 277277 GRANT: N00014-89-J-1173

TECHNICAL REPORT NO. 60

R&T CODE: 413Q001-05

Si/S1O2 INTERFACE STUDIES BY IMMERSION ELLIPSOMETRY
BY

Q.LIU AND E.A. IRENE

DEPARTMENT OF CHEMISTRY
CB#3290 VENABLE

UNIVERISTY OF NORTH CAROLINA
CHAPEL HILL, NC 27599-3290

SUBMITTED TO:

MATERIALS RESEARCH SOCIETY 1993 MEETING PROCEEDINGS

REPRODUCTION IN WHOLE OR IN PART IS PERMITTED FOR ANY
PURPOSE OF THE UNITED STATES GOVERNMENT.

THIS DOCUMENT HAS BEEN APPROVED FOR PUBLIC RELEASE AND
SALE; ITS DISTRIBUTION IS UNLIMITED.

DTIC
ELECTE

94'O. 189 AR Z4 0U

A4 323 03s



REPORT DOCUMENTATION PAGE Form ANorove18
IOM,.B No 0704-0188

c. n, 'ze i ~:Ivemon, f r , i~~.ton '$ t"I' p .0 i~cr~ge I nour oe resoonse. including the time for reviewrng Instructt..- so'rcfn. 1 e tn.q ,.,(t4 sore
'n ~ ~ ~ ~ 3~g gt'' 117 oM.'s O ceft I *Amhington oieacqu.)rtersServices. Directorate for informa.tion or-m,)n ýnd He'p'n¶ 

Ip :- 
wDanee 

- ,mttn ofe--gteýfrto o nomto edco mnsrgrigIhi udn- fedR.. S .ute 12'4 A;- ion. VA 12102.4]02 and totri. Off. e.• , Management and Budget. Paper,ývork Keduction Project (0104.0188) .1.4%.ngton. DE )0503

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DA'OES COVERED
I March 15, 1994 Technical Re port No. 60

4. TITLE AND SUBTITLE " 5. FUNDING NUMBERS
Si/SiO 2 Interface Studies by Immersion Ell ipsometry

N00014-89-J-1178

6. AUTHOR(S)

Q.Liu and E.A. Irene

7. PERFORMING ORGANIZATION NAME(S) AND ADORESS(ES) 8. PERFORMING ORGANIZATION
Department of Chemistry REPORT NUMBER
University of North Carolina
CB #3290 Venable & Kenan Labs 0 9
Chapel Hill, NC 27599-3290 Technical Report No. 60

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/MONITORING
AGENCY REPORT NUMBER

Department of Navy ....
Office of Naval Retaarch Aooession bo
800 North Quincy Street XTIS GRA&I [30"
Arlington, VA 22217-5000 DTIC TAB

Unannounced

11. SUPPLEMENTARY NOTES JustLflsation

Materials Research Society 1993 Meeting Proceedings

12a. DISTRIBUTION / AVAILABILITY STATEMENT
Reproduction in whole or in part is permitted for any
purpose of the United States- Government. This document Dist speoial
has been approved for public release and sale; its
distribution is unlimited.

13. ABSTRACT (Maxim um 200 words) .

The mechanisms associated with St/Si02 interface annealing and thermal
oxidation conditions-were studied by spectrosocpic i=mersion ellipsometry.
Essentially, this- surface sensitive ellipsometry technique uses liquids that
match the refractive:iddex of the films, thereby optically removing the films.

with the use of an optical model, it is shown thatiat high annealing temperature
viscous relaxation dominates-, while at low annealing temperatures the suboxide
reduction is apparent. It is also shown that' ith the thickening SiO2 overlayer,
the thickness of the subxitde layer at the interface increases and the average
radius of the crystalline silicon protrusions decreases forttheýthree different
orientation studied. These results are consistent with the commonly accepted
St oxidation model.

14. SUBJECT TERMS 15. NUMBER OF PAGES
Si/Sio2 , inferface, thermal oxidation, refractive index. 16. PRICE CODE

17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT
OF REPORT I OF THIS PAGE 1 OF ABSTRACT
unclassified Unclassified Unclassified

NSN 750-W0.0.290-5500 Standard Form 298 (Rev 2.89)
01..-ttbed O v ANSI Sid



Si/SiO 2 INTERFACE STUDIES BY IMMERSION ELIJPSOMETRY

Q. LIUJ AND E.A: IRENE
Department of Chemistry, University of North Carolina at Chapel Hill, Chapel Hill,

-N. C. 27599-3290

Abstract

The mechanisms associated with Si/SiO 2 interface annealing and thermal oxidation
conditions were studied by spectroscopic immersion eflipsometry. Essentially, this
surface sensitive ellipsommry technique uses liquids that match the refractive index of
the films, thereby optically removing the films.

With the use of an optical model, it is shown that at high annealing temperatures
viscous relaxation dominates, while at low annealing temperatures the suboxide
reduction is apparent. It is also shown that with the thickening SiO 2 overlayer, the
thickness of the suboxide layer at the interface increases and the average radius of the
crystalline silicon protrusions decreases for the three different orientation studied.
These results are consistent with the commonly accepted Si oxidation model.

I. Introduction

As semiconductor devices become smaller, ultra-thin films less than 10nm thick find
application in integrated circuit technology. Because even a small degree of interfacial
microroughness or nonuniformity can alter device performance, it is crucial to control
the atomic scale structure. Much work has been done to investigate the SiSiO
interface by different techniqueS'such as transmission electron microscopy (TEM)
low-energy electron diffraction (LEED)3, ellipsometry 4", etc., but the details of the
interface remain unclear. In the present research, the interface is studied by
spectroscopic immersion ellipsometry"'1 0 (SIE), which is very sensitive to the interface.

Ellipsometry is an optical technique for the characterization of a bare or film
covered surface and is based on exploiting the polarization transformation that occurs
as a beam of polarized light is reflected from or transmitted through the interface or
film 11. The measured ellipsometric quantity, p, is called the complex reflectance ratio
and defined as:

:P _rP (tan*)ei. (I

where tan' is the ratio of the amplitude attenuation, A is the total phase shift. r andPr. are the Fresnel reflection coefficients for light polarized parallel and perpendicular,
respectively, to the plane of incidence.

There are several different ways to study the interface region between film and
substrate. One way is by using spectroscopic eflipsometry in air ambient (Fig. la). The
disadvantage of this methol is that an accurate characterization of the ultra-thin
interface transition layer is complicated by the inability to discriminate the optical
contributions of the relatively thick overlayer and the thin transition layer by the
measured ellipsometric parameters. Another way is to remove the overlayer physically v



or chemically and then to probe the
interface (Fig. 1b). However, this
method could alter the interface region. IMMERSION TECHNIQUE
In order to overcome these problems we
have developed the technique of
spectroscopic immersion ellipsometry9,10
(SIE), which uses a transparent liquid

ambient that has optical properties very
close to the optical properties of the
dielectric overlayer thereby eliminating
the optical response of the overlayer (Fig. A.- I% - d o no
ic). Hence, this technique "optically" (() (b)
removes the overlayer and thus enhances
the sensitivity to the interface
properties.The interface sensitivity of A is
drastically increased using the liquid
ambient as is shown in Fig.2 which
compares the relative interface sensitivity
6A(E) = A0(E) - Aaa(E) for air and C0 4
ambient. A0(E) and Aaa(E) are calculated
without and with an assumed interface k ribl-e U i 0 1 m
layer, respectively9. TO)

Fig. 1. Immersion technique.

11. Experimental procedures and data analysis

Single-crystal (100),
(110), and (111) oriented 'o
2 n cm p-type silicon
wafers were cleaned using . " V.

a slightly modified RC.
procedure12 and . -
thermally oxidized in a V
fused silica tube furnace '

in clean dry oxygen. A
commercially available V .--4-- dy•n.ltn y ccI4
vertical ellipsometer _5 -10i * u -. ns-• " in .ir
bench was modified to 0 'Ze 7 n "i
become a rotating . s-2.5 2.7 2.9 3.1 3.3 3.5 37 3.9
analyzer spectroscopic Photon Ehergy (-v)
ellipsometerFr3. A special
fused silica immersion cell Fig. 2 Interface sensitivity for CCI4 and air.
has been designed for the
SIE measurements.

Generally, it is difficult to achieve a perfect refractive index match for the liquid
ambient and the SiO 2 overlayer over a broad spectral range. Therefore small deviations
are accounted for in the analysis. Carbon tetrachloride (CC!4) is a suitable immersion
liquid for index matching to SiO2 films.

In order to obtain unknown interface parameters, we used a Marquardt and Gauss-
Newton nonlinear best fit algorithm which minimizes the value of the error function



Q =1 rA~',~E~P - cX) 2 + (. 1 k.,jp) - ýP)2] 2•/ (2)

where P is a vector of unknown interface parameters, Ej is the photon energy, .0 is
the angle of incidence, and the supersripts cal and exp refer to calculated and
experimentally derived values. Acal and T are the values obtained using the vector P
from expanded Fresnel formulas.

In our analysis, the working model for the e
interface between crystalline Si substrate and
amorphous SiO 2 film is shown in Fig. 3. The Ambent
transition region has a structure with two
major components: the "physical" interface Bulk 510s
and the "chemical" interface. The "physical" L.
interface can be represented by P

microroughness or protrusions of Si into the
oxide. The "chemical" interface consists of a I'M
suboxide, SiO1 with O<x<2. We describe the
crystalline silicon protrusions as hemispheres
with an average radius R, which form a Into
hexagonal network with an average distance
D between centers. The protrusions and the
region between them are covered by a layer
of suboxide assumed to be SiO (i.e. x= 1) with
an average thickness LsiO. An effective Low
interface thickness is given as:

c-SI
Linf = R+LSi0 k (3) Fig. 2. The interface model.

The Bruggeman effective medium approximation (BEMA) was used to calculate the
effective dielectric function of the interface 14.

m. Results and discussion

A. STE study of the mechanism of Si/SiO 2 interface annealing
The evolution of the Si1SiO 2 interface as a function of high temperature annealing

(750-10000C) was investigated by SIE 12. Fig. 4 shows raw data in terms of an effective
relative interface parameter defined as:

01v

6 f, ( T ax, f.N ) . A- & eP( ,t,= ) - An 0 - (T antan) (4)

where AeaP(T.., t.) is the experimental ellipsometric angle A at an annealing
temperature and time, A0 is the ellipsometric angle for a nonannealed sample and the
term SA Y(Tr, t~a) Is the overlayer relaxation correction. Fig. 5 shows modeled data
in terms of the interface thickness defined above, which displays the temperature-time
dependent shrinkage of the interface with annealing. Distinct modes of behavior are



I

are observed for the
evolution of the interface.
For short annealing times
a rapid change in the t(onaal)
interface is observed that E1 8 e.
correlates with the o
disappearance of a6 -~gi, -" 3 min
protrusions, followed by a E-
slower change that I Rtnenw 9C

4L 4correlates with the
3 .o•o . . .... 4--a°

disappearance of the .......
suboxide. At high V 2 .
annealing temperatures I
we believe that viscous 0 o +
relaxation dominates, 700 8oo 900 1,00 1100
while at low annealing Annealing Temperature (OC)
temperatures the
suboxide reduction i:; Fig. 4. Annealing temperature dependence of the
apparent. effective interfacial parameter.

B. SIE studv of the interface of
$l•lQ 2  for different thermal
oxidation conditions 16

With the use of the above optical " 12 - u"-
model, we found that the thickness " . so=C

of the SiO layer at the interface, 4.
LSio, for all (100), (110), and (111) I B a
silicon substrate orientations ,

4,increased, and the average radids of 1M "
the crystalline silicon protrusion, R, S lOo
decreased with the thickening of the 0 5 10 is 20 25
SiO2 overlayer as shown in Fig. 6 Inealing rTune (Min)
and 7. These results are consistent
with the well accepted linear- Fig. 5. Annealing time and temperature
parabolic, LP, Si oxidation model 15 dependence of interface thickness.
which yields an, accurate
representation of the growth of SiO2 on Si over a wide range of thickness, temperature
and oxidant partial pressures16.. According to the LP model, the relationship between
film thickness, L, and oxidation time, t, is:

2r
(L -LO) (L 2-Lýt - t o • +( 5 )

0 k, k

where the linear, k1, and parabolic, kp, rate constants are given as:

Ctk 2DCt
nk, - L. k III.2k - - (6)

n P n



where fl-2.3xl022 cM"3 , k is the
reaction rate constant, D the
oxidant diffusion coefficient, the
subscript 0 denotes the initial 30 -"1
values, and C1 is the concentration 23[--of 1101

of oxidant at the Si surface.
20

For long oxidation times, the ,s .
2U p 4.' ....... " /

equation (5) reduces to: t - L/ 1
This is termed the parabolic growth
law and implies that oxide growth is
diffusion controlled. In other Or . ,. , ...... , ....
words, as the oxide layer gets 0 0MsW MMA)

thicker, the oxidizing species must

diffuse through a larger distance to Fig. 6 SiO 2 film thickness dependence of the
arrive at the Si/SiO 2 interface. The thickness of LsiO at the interface.
reaction thus becomes limited by
the rate at which the oxidizing species diffuse through the oxide. It was shown that at
elevated temperatures and with an oxygen deficiency, SiO 2 decomposition takes place:

SiO2 + Si -. 2SiO
10._ _ __ _ _

The oxide decomposition reaction is .
initiated at active defect sites ,
already plresent at the Si/SiO 2  3
interface". In our model the' Si 4,

protrusions may be considered 'as 3. . ........

defects that could cause the above 2

decomposition, since these sites are o A

thermodynamically active due to the 0 tO; 0 A 40 5W0W0 70 WO 1o00

smaller radius of curvature. Thiss t.s0,(A)

consistent with our results in Figs. 6 Fig. 7. SiO 2 thickness dependence of the
and 7 which shows that with the protrusions of radius R at the interface.
thickening of the SiO 2, the
thickness of SiO layer, LsiO , at the interface increases and the average radius of the
crystalline protrusions, R, decreases.

IV. Conclusions

An enhanced interface ellipsometry technique, STE, was applied to study the
mechanism of Si/Si0 2 interface annealing and thermal oxidation. By using an optical
model, it was shown that different mechanisms dominated at high and low annealing
temperature. It was also shown that the thickness of SiO layer at the interface increases
and the average radius R of the crystalline silicon protrusions decreases with the
thickening SiO 2 overlayer and no orientation effect was observed.
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